INTRODUCTION
============

Genomic DNA is frequently damaged by mutagens and errors in DNA replication. Cell cycle checkpoints sense DNA damage, arrest the cell cycle, and activate DNA repair pathways ([@B63]; [@B10]). If genotoxic stress is severe, however, cells can either withdraw from the cell cycle or activate a programmed cell death (PCD). A major type of PCD is apoptosis, during which cells shrink as caspases and DNA endonucleases digest cellular contents ([@B17]). A defect in the apoptotic response is a hallmark of cancer, underscoring the importance of apoptosis to prevent cells with multiple mutations from becoming oncogenic ([@B21]). Much remains unknown, however, about how cell proliferation and programmed cell death are normally balanced and integrated in the context of development and tissue homeostasis. In this study, we use *Drosophila* as model system to investigate how modifications to the cell cycle alter the apoptotic response to genotoxic stress in vivo.

Apoptosis is an important part of the normal development of a wide variety of plants and animals ([@B17]). Apoptosis can also be triggered by cell stress, including DNA damage. The fraction of cells that apoptose in response to DNA damage differs among tissues and times of development ([@B2]). In *Drosophila*, for example, cells in specific regions of the larval wing and eye imaginal disk apoptose infrequently after ionizing radiation (IR), revealing that there can be differences in apoptotic response even within a given tissue type ([@B45], [@B43], [@B44]; [@B13]). In both mammals and flies, cell-specific differences in the apoptotic response are due, in part, to repression of p53-dependent and p53-independent apoptosis by developmental signaling pathways ([@B43], [@B44]; [@B30]; [@B2]). Another property that correlates with reduced apoptotic response is cell cycle arrest ([@B58]; [@B3]; [@B30]). For example, regions of the *Drosophila* eye and wing imaginal disks that do not apoptose readily correspond to groups of cells that are developmentally arrested in their cell cycle ([@B31]; [@B45]; [@B60]). However, because developmental signaling regulates both cell proliferation and apoptotic pathways, it has been difficult to evaluate the relative contribution of cell cycle arrest to apoptotic repression in vivo.

We previously found that *Drosophila* cells in a variant cell cycle called the endocycle do not apoptose in response to genotoxic stress ([@B40]; [@B22]; [@B67]). Endocycles are composed of alternating G and S phases without mitosis and result in large, polyploid cells ([@B8]; [@B16]; [@B37]). Cells switch from canonical mitotic cycles to endocycles as part of the normal development of a wide array of organisms, including humans ([@B16]). Endocycling cells in multiple tissues of *Drosophila* do not apoptose in response to replication stress or IR ([@B40]; [@B22]; [@B67]). In endocycling larval salivary gland cells, apoptosis is repressed in at least two ways: tissue-specific proteolysis of the *Drosophila* orthologue of the p53 tumor suppressor and chromatin silencing of its proapoptotic target genes ([@B67]). These findings support the notion that a developmental switch to endocycles is associated with an active repression of the apoptotic response to DNA damage.

Our previous analysis of *Drosophila* ovarian follicle cells further suggested that there is a relationship between endocycles and the repression of apoptosis ([Figure 1A](#F1){ref-type="fig"}; [@B40]; [@B22]). The somatic follicle cells form an epithelial sheet around the germline nurse cells and oocyte and undergo stereotypical transitions in their cell cycle in strict coordination with maturation of the egg chamber as it migrates down an ovariole ([Figure 1A](#F1){ref-type="fig"}). Follicle cells proliferate through a canonical mitotic cell cycle during stages 1--6 of oogenesis, they switch to an endocycle (G/S) at the stage 6/7 transition, and then in stage 10B, they begin to selectively rereplicate genes required for eggshell synthesis, a process called developmental gene amplification ([@B59]; [@B7]; [@B34]; [@B29]). We showed that follicle cells in the mitotic cell cycle apoptose in response to replication stress or IR, whereas endocycling and amplification-stage follicle cells do not ([@B40]). Follicle cells that are induced to precociously switch to endocycles before stage 7 through genetic ablation of mitosis also repressed apoptosis ([@B22]). The repression of apoptosis in these induced endocycling cells (iECs) indicated that a switch to endocycles is sufficient to repress apoptosis. These results suggested a link between cell cycle and apoptotic programs. It remains unclear, however, what the nature of that link is and whether other types of cell cycle modification alter the apoptotic response independent of developmental signals.

![*Cdk1* knockdown alters cell cycle phasing in mitotic follicle cells. (A) Ovarian follicle cell cycles. One *Drosophila* ovariole (top) and one stage 10 egg chamber (bottom). Egg chambers are composed of one oocyte and 15 nurse cells surrounded by an epithelial sheet of somatic follicle cells (pink). Egg chambers mature through 14 stages as they migrate down the ovariole (to the right). Follicle cells mitotically proliferate during stages 1--6, switch to G/S endocycles in response to Notch signaling at stage 6/7, and then begin selective rereplication of genes required for eggshell synthesis (amplification) after stage 10B. Follicle cells that are mitotic cycling during stages 1--6 undergo caspase-dependent apoptosis in response to DNA damage, whereas endocycling or amplifying follicle cells during stages 7--14 do not. (B) RT-PCR of actin and Cdk1 mRNA in *UAS-GFP^RNAi^/+; hsp70-Gal4/+* and *hsp70-Gal4/UAS-Cdk1^RNAi^* larvae after heat induction. (C) The *Drosophila* FUCCI system ([@B68]). RFP is fused to a Cyclin B degron, localized to the cytoplasm, and degraded from late M until early S phase. GFP is fused to an E2F1 degron, localized to the nucleus, and degraded during S phase. Cell cycle phasing is determined by the different combinations of red and green fluorescence, as shown in the cell cycle schematic. (D, D′) FUCCI pattern in control mitotic cycling follicle cells. RFP and GFP double labeling (D) and triple labeling with DAPI (D′) in stage 3--5 egg chambers from an *UAS- FUCCI; hsp70Gal4* female after heat induction. (E, E′) FUCCI pattern in *Cdk1*-knockdown follicle cells. RFP and GFP double labeling (E) and triple labeling with DAPI (E′) in stage 4/5 egg chambers from a *UAS- FUCCI; hsp70Gal4/UAS- Cdk1^RNAi^* female after heat induction. The images in D--E′ are confocal sections of epithelial follicle cells on one surface of the egg chambers. Scale bars, 20 μm. (F) Quantification of follicle cells in different cell cycle phases in S1--S6 egg chambers in the control or Cdk1^RNAi^ group based on FUCCI fluorescence. Mean percentages and SDs. Three biological replicates, \>200 follicle cells/replicate, \**p* \< 0.05 and \*\**p* \< 0.01 by unpaired *t* test.](1885fig1){#F1}

In this study, we further investigate how modifications to the cell cycle influence the apoptotic response to DNA damage, using the *Drosophila* ovary as an in vivo model system. We find that arresting cells at different phases of the mitotic cell cycle also compromises the apoptotic response independent of developmental signaling. Of importance, different types of cell cycle modulation repressed apoptosis either upstream or downstream of the expression of p53-regulated proapoptotic genes, suggesting that multiple mechanisms link cell cycle and apoptosis. We discuss the important broader relevance of our data to interpreting how cell cycle modifications alter the apoptotic response in development and cancer.

RESULTS
=======

Partial knockdown of *CDK1* arrests follicle cell cycles and represses apoptosis
--------------------------------------------------------------------------------

To investigate further the relationship between cell cycle programs and apoptotic competence, our strategy was to perturb the cell cycle in different ways and evaluate whether it coordinately induced endocycles and repressed apoptosis. We first knocked down *Cyclin-dependent kinase 1* (*Cdk1*), which is activated by dimerization with Cyclin A or B and required for mitosis. To do this, we used fly strains with a Gal4-inducible *UAS-Cdk1*^RNAi^ hairpin RNA ([@B47]). Heat induction of *UAS-Cdk1*^RNAi^ in larvae using an *hsp70-Gal4* driver significantly reduced but did not eliminate *Cdk1* mRNA ([Figure 1B](#F1){ref-type="fig"}). To evaluate the effect of *Cdk1* knockdown on cell cycle progression, we used the recently created fluorescent ubiquitination-based cell cycle indicator (FUCCI) fly strains, which permit fluorescent detection of different cell cycle phases ([Figure 1, C and D](#F1){ref-type="fig"}; [@B53]; [@B68]). We used a heat-inducible *hsp70-GAL4* to express *UAS- Cdk1^RNAi^* in follicle cells in the FUCCI strain background and then analyzed the effect on cell cycle phasing of mitotic cycling follicle cells before stage 6. *Cdk1* knockdown significantly increased the number of cells in both late S--G2 and G2--early M phase (∼80% of total) and decreased the number in G1-S phase (∼20% of total) cells, indicating that *Cdk1* knockdown altered the cell cycle phasing of follicle cells ([Figure 1, D--F](#F1){ref-type="fig"}).

Limitations of the FUCCI analysis are that it cannot distinguish between G2 and early M phase and also does not indicate whether cells are arrested or continuing to cycle with altered phasing. Therefore we further investigated the effect of *Cdk1* knockdown on follicle cell cycles using anti--phospho-histone H3 (PH3) to detect mitosis and incorporation of the nucleotide analogue bromodeoxyuridine (BrdU) for 1 h in vitro to detect S phase ([@B25]; [@B9]). We compared the results with sibling *hsp70-GAL4; UAS-Cdk1^RNAi^* females that were not heat treated and also with heat-treated *hsp70-GAL4; UAS-GFP^RNAi^* females that expressed a negative control hairpin RNA against green fluorescent protein (GFP; [Figure 2A](#F2){ref-type="fig"} and Supplemental Figure S1, A--F). RNA interference (RNAi) knockdown of *Cdk1* resulted in a large decrease in the number of BrdU-labeled cells, from ∼25% in controls to \<2% in the *Cdk1* knockdown ([Figure 2, A, B, and D](#F2){ref-type="fig"}). In contrast, the fraction of follicle cells labeled with PH3 greatly increased, from ∼4% in controls to ∼50% in the *Cdk1* knockdown ([Figure 2, A, B, and D](#F2){ref-type="fig"}). These cells had only diffuse PH3 labeling of partially condensed chromosomes, with no evidence for metaphase, anaphase, or telophase chromosomal configurations ([Figure 2, C--C′′](#F2){ref-type="fig"}). Many cells had a single focus of intense PH3 labeling that corresponded to the heterochromatic chromocenter, a genomic region that is phosphorylated first as cells enter mitosis, suggesting that these cells are arrested in early prophase ([@B25]). The large reduction in BrdU and increase in PH3 labeling suggested that *Cdk1* knockdown arrests follicle cell cycles.

![Cdk1 knockdown arrests follicle cell cycles. (A--B′) Arrest of follicle cell cycles after knockdown of Cdk1. BrdU and PH3 double labeling (A, B) and triple labeling with DAPI (A′, B′) of *hsp70Gal4 / UAS-Cdk1^RNAi^* stage 3--5 egg chambers without (control; A, A′) or with (B, B′) heat induction of *Cdk1* hairpin RNA. Scale bars, 20 μm. (C--C′′) Most follicle cells are arrested at G2/M--early M phase. Higher-magnification confocal sections of PH3 labeling in a stage 4 egg chamber after *Cdk1* knockdown labeled with DAPI (C), PH3 (C′), and the merge (C′′). White arrow indicates one of the heterochromatic chromocenters that are intensely labeled for both DAPI and PH3. Scale bars, 20 μm. (D) Quantification of PH3-positive and BrdU-positive follicle cells in S1--S6 egg chambers in the control or Cdk1^RNAi^ group. Mean percentages and SDs. Three biological replicates, \>800 follicle cells/replicate, \*\*\**p* \< 0.001 by unpaired *t-*test. (E, F) FLP-On clones of follicle cells expressing control *GFP^RNAi^* (E) or *Cdk1^RNAi^* (F) in stage 9 egg chambers 4 d after heat induction of FLP recombination. White arrow in F points to a typical one-cell RFP-positive clone that results from induction of *Cdk1^RNAi^*. The same RFP-positive cell is indicated by a white arrow in the higher-magnification inset. Note that *Cdk1^RNAi^* arrests the mitotic cell cycle and prevents endocycle entry and that the diploid RFP- positive cell in F has a smaller nucleus than the endocycling follicle cells outside of the clone. Scale bars, 20 μm. (G) Quantification of the number of RFP-positive cells per clone in stage 8 and 9 egg chambers in the GFP^RNAi^ or Cdk1^RNAi^ groups based on 8 clones for GFP^RNAi^ and 36 clones for Cdk1^RNAi^ FLP-On, with *p* \< 0.001 by unpaired *t* test.](1885fig2){#F2}

To examine further the effect of *Cdk1* knockdown on cell cycle progression, we knocked down *Cdk1* in clones using the FLP-On recombination system ([@B52]). We marked cells by flipping on expression of *UAS-RFP* together with either *UAS-Cdk1^RNAi^* or control *UAS-GFP^RNAi^* and then examined the proliferation of these cells in clones ([@B52]). Cells within GFP^RNAi^ control clones proliferated to an average of 20 red fluorescent protein (RFP)--positive cells 4 d after induction, whereas the *Cdk1^RNAi^* clones had an average of only two cells ([Figure 2, E--G](#F2){ref-type="fig"}). This result suggests that Cdk1 knockdown induces a cell cycle arrest within one or two cell divisions. There was no increase in nuclear size or 4′,6-diamidino-2-phenylindole (DAPI) fluorescence in any of the cells, suggesting that *Cdk1* knockdown did not induce a switch to endocycles ([Figure 2F](#F2){ref-type="fig"}). It is likely that the mitotic cell cycle arrest caused by *Cdk1* RNAi is a result of partial knockdown of CDK1 function because null mutations of *Cdk1* and *Cyclin A* or *Cyclin A* RNAi knockdown all induce a switch to endocycles ([@B54]; [@B23]; [@B42]; [@B22]). Taken together, these results suggest that *Cdk1* RNAi knockdown results in a cell cycle arrest, with most cells arresting in G2 to early M phase.

We next evaluated whether *Cdk1* knockdown altered the apoptotic response to DNA damage. After knockdown of *Cdk1* with RNAi, adult females were irradiated with 40 Gy of γ-rays. Cell death was assayed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 4 h after IR, a time when p53-dependent apoptosis predominates ([@B19]; [@B5]; [@B49]). In control ovaries, IR resulted in an increase in TUNEL-positive mitotic cycling follicle cells, from \<1 to ∼10% ([Figure 3, A, B, and E](#F3){ref-type="fig"}). Knockdown of *Cdk1* reduced the fraction of TUNEL-positive cells after IR by an order of magnitude to ∼1%, a frequency not significantly different from that for unirradiated controls ([Figure 3, C--E](#F3){ref-type="fig"}). Apoptosis was also significantly lower in *Cdk1* knockdown cells 24 h after IR, a time when delayed p53-independent apoptosis is active (∼2 vs. ∼14% in control siblings; [@B64]). Heat-induced expression of *GFP^RNAi^* had no effect on the apoptotic response, ruling out nonspecific effects of heat shock or double-stranded RNA expression (Supplemental Figure S1, G--I). These results indicate that knockdown of *Cdk1* strongly represses the apoptotic response to DNA damage.

![*Cdk1*-knockdown follicle cells do not apoptose in response to IR. (A--D) Double labeling for TUNEL (green) and DAPI (red) of *hsp70Gal4/UAS: Cdk1^RNA^*^i^ stage 3--5 egg chambers without (A, B) or with (C, D) heat-induced knockdown of *Cdk1* and without (A, C) or with (B, D) IR. White arrows in B indicate three follicle cells labeled for TUNEL. Confocal sections are through the middle of egg chambers, with epithelial follicle cells surrounding the larger nurse cells in the interior of the egg chambers. Scale bars, 20 μm. (E) Quantification of TUNEL-positive follicle cells in stage 1--6 egg chambers in the control or Cdk1^RNAi^ group with or without IR. Mean percentages and SDs. Three biological replicates, \>800 follicle cells/replicate, \*\*\**p* \< 0.001, not significant (ns) by unpaired *t* test.](1885fig3){#F3}

CDK1 activity is not sufficient for apoptotic competence
--------------------------------------------------------

Together with our previous results, there were three experimental conditions that both compromised CDK1 activity and repressed apoptosis: *Cyclin A* knockdown, *Fzr* (*Cdh1*) over­expression, and *Cdk1* knockdown ([@B22]). Moreover, endocycling cells from many different tissue types in *Drosophila* do not have CDK1 activity or apoptose in response to IR or replication stress ([@B40]; [@B67]). These observations raised the possibility that CDK1 might directly mediate the apoptotic response to genotoxic stress. To address this idea, we tested whether misexpression of Cyclin A/CDK1 would confer apoptotic competence to endocycling cells. We used *hsp70-Gal4* to heat induce coexpression of *UAS- Cyclin A* and *UAS- Cdk1-Myc* transgenes in adult females, which resulted in high levels of Cdk1-Myc and Cyclin A proteins in mitotic cycling and endocycling follicle cells ([Figure 4, A--D′](#F4){ref-type="fig"}, and Supplemental Figure S2; [@B41]). Overexpression of Cyclin A/CDK1 did not change the fraction of TUNEL-positive follicle cells after IR during both mitotic cycles and endocycles. TUNEL-positive cells were frequent in mitotic cycling follicle cells of early-stage egg chambers (∼10%) and were still very rare during endocycles after stage 6 (≤0.1%; [Figure 4, A--E](#F4){ref-type="fig"}). Therefore forced expression of Cyclin A/CDK1 does not confer apoptotic competence on endocycling follicle cells.

![Overexpression of Cdk1/Cyclin A does not confer apoptotic competence on endocycling follicle cells. (A--B′) Mitotic cycling follicle cells in early-stage egg chambers from *UAS-Cyclin A/+; hsp70Gal4/UAS-Cdk1-Myc* female after IR without (A, A′) or with (B, B′) heat-induced Cdk1/ Cyclin A overexpression. Double labeling with anti-Myc and TUNEL (A, B) and triple labeling with DAPI (A′, B′). Scale bars, 30 μm. (C--D′) Endocycling follicle cells in a stage 9 egg chamber from *UAS-Cyclin A/+; hsp70Gal4/UAS-Cdk1-Myc* female after IR without (C, C′) or with (D, D′) heat-induced Cdk1/Cyclin A overexpression. Double labeling for anti-Myc and TUNEL (C, D) and triple labeling with DAPI (C′, D′). Scale bars, 30 μm. (E) Quantification of TUNEL labeling in mitotic cycling (stages 1--6) and endocycling (stages 7--10A) follicle cells in control or Cdk1/Cyclin A--overexpressing females after IR. Three replicates, \>800 follicle cells/replicate; ns, not significant.](1885fig4){#F4}

To test whether Cyclin A/CDK1 expression could confer an apoptotic response on other endocycling cell types, we over­expressed Cdk1 and Cyclin A in larval salivary gland cells using the *forkhead-GAL4* (*fkh-GAL4*) driver. *fkh-GAL4* expression begins at a time in mid embryogenesis when salivary gland cells switch from mitotic cycles to endocycles ([@B1]; [@B24]). Antibody labeling of *UAS-CycA/+; fkh-GAL4/UAS-Cdk1-myc* early third-instar larvae indicated that both CDK1-myc and Cyclin A proteins were highly expressed in salivary glands but not the adjacent fat body (Supplemental Figure S3, D--F; unpublished data). By this stage of development, salivary gland cells normally have undergone ∼10 endocycles, resulting in ∼1000 copies of their genome and very large nuclei (∼30 μm; [@B50]). In contrast, salivary gland nuclei in CycA/CDK1-overexpressing animals were much smaller than even the adjacent ∼128--256 C polyploid fat body nuclei, which do not express *fkh-GAL4* and served as an internal control (Supplemental Figure S3, A--F; [@B6]; [@B48]). CycA/CDK1 overexpression in salivary gland cells strongly inhibited BrdU incorporation (0 vs. 30% in controls) and induced PH3 labeling (∼70 vs. 0% in controls; Supplemental Figure S3, A--C). The small nuclear size, absence of BrdU, and strong PH3 labeling suggested that continuous misexpression of CycA/CDK1 in salivary gland cells beginning in embryogenesis inhibited the switch to endocycles and arrested the cell cycle. Irradiation of these cells in third-instar larvae resulted in a very low frequency of TUNEL labeling that was not significantly different from that in endocycling controls (Supplemental Figure S3, D--F). Therefore similar to the result in follicle cells, expression of Cyclin A/Cdk1 in salivary gland cells is not sufficient to confer an apoptotic response to IR.

A developmental arrest of polar follicle cells in G2 phase dampens the apoptotic response to DNA damage
-------------------------------------------------------------------------------------------------------

Our data indicated that cells arrested in their cell cycle do not have a significant apoptotic response to DNA damage. We therefore wondered whether active mitotic cell cycling potentiates the apoptotic response to DNA damage. To further test this idea, we examined the apoptotic response of polar follicle cells (PFCs), a specialized pair of cells at each end of the egg chamber that permanently arrest in the G2 phase of the cell cycle beginning in stages 4/5 of oogenesis ([@B4]; [@B56]). To mark PFCs, we used a *neur^Gal4-A101^* strain to drive *UAS-GFP* expression. We costained with antibodies against Fasciclin III (FasIII) protein, which is strongly expressed in PFCs after stage 5, which confirmed that *neur^Gal4-A101^*; *UAS-GFP* uniquely marks PFCs ([Figure 5, A--A′′](#F5){ref-type="fig"}; [@B56]). After IR, the arrested PFCs had a frequency of TUNEL labeling that was significantly lower than that of proliferating main body follicle cells in the same ovariole (\<2 vs. ∼11%; *p* = 0.0006; [Figure 5, B and C](#F5){ref-type="fig"}; [@B40]; [@B22]). These results suggest that a developmental arrest of PFCs in G2 phase of the cell cycle is associated with a dampened apoptotic response to DNA damage.

![Polar follicle cells (PFCs) that are developmentally arrested in G2 phase do not apoptose after IR. FasIII (red; A), GFP (green; A′), and triple labeling with DAPI (blue; A′′) of two PFCs in the posterior of a stage 6 egg chamber from a *UAS-GFP/neur^Gal4-A101^* female without irradiation. The cell--cell contact between the two PFCs appears as a bright line of FasIII cell membrane labeling. Scale bars, 10 μm. (B--B′′) Arrested PFCs have a dampened apoptotic response to IR relative to their mitotic cycling neighbors. TUNEL (B), GFP (B′), and triple labeling with DAPI (B′′) of a stage 6 egg chamber from a *UAS-GFP/neur^Gal4-A101^* female after IR. Arrow points to one TUNEL-labeled follicle cell adjacent to the PFCs. Scale bars, 10 μm. (C) Quantification of TUNEL-positive mitotic follicle cells (MFCs; stages 1--6) and G2/M-arrested PFCs from stage 5 and 6 and post--stage 6 egg chambers. Mean and SDs based on three replicates, \>200 follicle cells/replicate, \*\*\**p* \< 0.001 by unpaired *t* test.](1885fig5){#F5}

*Cyclin E* knockdown arrests follicle cells at G1/S and represses the apoptotic response to DNA damage
------------------------------------------------------------------------------------------------------

The results with *Cdk1*^RNAi^ and PFCs suggested that a cell cycle arrest in G2 or early M phase is associated with a compromised apoptotic response to DNA damage. To test whether arrest at other cell cycle stages dampens apoptosis, we knocked down *Cyclin E* (*CycE*), which, together with CDK2, is required for the G1/S transition and passage through S phase ([@B28]; [@B55]). Heat induction of a hairpin RNA of *CycE* in *hsp70-GAL4; UAS- CycE^RNAi^* animals resulted in much lower levels of CycE mRNA than with controls, as evidenced by reverse transcription PCR (RT-PCR; [Figure 6A](#F6){ref-type="fig"}). To evaluate effects of *CycE* knockdown on follicle cell cycles, we heat induced *hsp70-GAL4/UAS-CycE^RNAi^* in the FUCCI reporter background. Knockdown of *CycE* induced a large shift in cell cycle phasing in the mitotic follicle cells before stage 6, with almost all cells in G1/S--early S phases ([Figure 6, B and C](#F6){ref-type="fig"}). Further analysis of the cell cycle by PH3 and BrdU double labeling showed that *CycE* knockdown resulted in a significant decrease in the number of follicle cells labeled for BrdU (\<1 vs. \>30% in controls) and PH3 (\<1.5 vs. ∼5% in controls; [Figure 6, D--F](#F6){ref-type="fig"}). These results suggested that *Cyclin E* knockdown resulted in most mitotic follicle cells arresting at the G1/S transition, consistent with the known function of the Cyclin E/CDK2 complex. Four hours after IR, these *CycE* knockdown cells had an order-of-magnitude lower frequency of TUNEL-positive cells (\<1%) than did mitotic cycling follicle cells in control animals (∼10%; [Figure 6, G--I](#F6){ref-type="fig"}). Apoptosis was also significantly lower 24 h after IR (∼2 vs. ∼13% in control), indicating that the delayed p53-independent apoptosis pathways are also inhibited. These results suggest that, similar to G2 or M arrest, cell cycle arrest at G1/S also severely compromises the apoptotic response to DNA damage.

![Knockdown of *Cyclin E* arrests cells at G1/S and represses apoptosis. (A) RT-PCR of actin and Cyclin E mRNA in *UAS-GFP^RNAi^/+; hsp70-Gal4/+* and *hsp70-Gal4/UAS-CycE^RNAi^* larvae after heat induction. (B--B′) FUCCI fluorescence in *Cyclin E*--knockdown follicle cells. RFP and GFP double labeling (B) and triple labeling with DAPI (B′) of *hsp70-Gal4, UAS- FUCCI/UAS-CycE^RNAi^* stage 4 and 5 egg chambers after heat induction. Compare to controls in [Figure 1, D and D′](#F1){ref-type="fig"}. Scale bars, 20 μm. (C) Quantification of cell cycle phasing in control or *Cyclin E^RNAi^* group based on FUCCI fluorescence. Data from [Figure 1](#F1){ref-type="fig"} control are replotted for comparison. Three biological replicates, \>200 follicle cells/replicate, \*\*\**p* \< 0.001 by unpaired *t* test. (D--E′) Double labeling of BrdU and PH3 (D, E) and triple labeling with DAPI (D′, E′) of *hsp70-Gal4/UAS-Cdk1^RNAi^* stage 2--4 egg chambers without (control; D, D′) or with (E, E′) heat-induced knockdown of Cyclin E. Scale bars, 20 μm. (F) Quantification of PH3-positive and BrdU-positive follicle cells during stages 1--6 in the control or CycE^RNAi^ group. Three replicates, \>800 follicle cells/replicate, \*\**p* \< 0.01 and \*\*\**p* \< 0.001 by unpaired *t* test. (G--H′) TUNEL labeling (G, H) and double labeling with DAPI (G′, H′) of *hsp70-Gal4/UAS- CycE^RNAi^* stage 4 and 5 egg chambers after IR and without (control; G, G′) or with (H, H′) heat-induced *CycE* knockdown. Confocal sections in G--H′ are through the middle of the egg chambers. Scale bars, 20 μm. (I) Quantification of TUNEL-positive follicle cells during stages 1--6 in the control or *CycE^RNAi^-*knockdown groups after IR. Three replicates, \>800 follicle cells/replicate, \*\*\**p* \< 0.001, *p* \> 0.05, not significant (ns) by unpaired *t* test.](1885fig6){#F6}

Different cell cycle modifications can inhibit apoptosis at different steps
---------------------------------------------------------------------------

Our results indicated that cells arrested at different cell cycle phases, as well as actively cycling G/S endocycling cells, all have a negligible apoptotic response to DNA damage. The normal apoptotic response to DNA damage in *Drosophila* engages a phosphorylation cascade that results in activation of the *Drosophila* orthologue of the p53 tumor suppressor, which then induces transcription of several proapoptotic genes at one locus called H99 ([Figure 7A](#F7){ref-type="fig"}). H99 genes then inhibit the *Drosophila* Inhibitor of Apoptosis Protein 1 (DIAP1), releasing DIAP1 inhibition on activator caspases ([Figure 7A](#F7){ref-type="fig"}; [@B17]). We assayed different steps of this apoptotic pathway to determine whether different cell cycle modifications repress apoptosis in similar ways.

![*Cdk1*-and *CycE*-knockdown cells inhibit apoptosis downstream of ATM and upstream of caspase activation. (A) The *Drosophila* DNA damage apoptotic pathway. In response to double-strand DNA breaks, ATM and ATR kinases are activated and phosphorylate several substrates, including the histone variant H2AV and the Chk2 kinase (Chk2). Activated Chk2 kinase then phosphorylates the transcription factor p53, activating it to induce expression of the proapoptotic genes at the H99 locus, *reaper, hid, grim*, and *sickle*. Expression of these H99 genes is also induced by p53-independent pathways at later time points after IR. The H99 proteins then bind and inhibit the DIAP protein, releasing DIAP's inhibition of activator caspases. The resulting caspase cleavage cascade engages a full apoptotic response. (B--D) *Cdk1*-and *CycE*-knockdown cells have active ATM/ATR. Anti--phospho H2AV (green) and DAPI (red) double labeling in irradiated control (B), *Cdk1^RNAi^* (C), and *Cyclin E^RNAi^* (D) follicle cells. Scale bars, 25 μm. (E--G) Caspase cleavage is repressed in follicle cells after *Cdk1* or *CycE* knockdown. Immunolabeling for anti--cleaved caspase DCP-1 (green) and DAPI (red) in irradiated control (E), *Cdk1*-knockdown (F), and *CycE*-knockdown (G) egg chambers. Scale bars, 25 μm. (H) Quantification of percentage of Dcp-1--positive follicle cells in S1--S6 egg chambers in *hsp70Gal4/UAS-Cdk1^RNAi^* and *hsp70Gal4/UAS-CycE^RNAi^* flies with or without IR. Uninduced indicates that the flies were not heat induced, and induced means that the flies were heat induced to express dsRNA for *Cdk1* or *CycE*. Three replicates, \>800 follicle cells, \*\*\**p* \< 0.001.](1885fig7){#F7}

We began by examining one of the first steps in the apoptotic response to DNA damage---activation of the proximal checkpoint kinases ATM and ATR. These checkpoint kinases phosphorylate Chk2, which in turn phosphorylates and activates the p53 transcription factor ([Figure 7A](#F7){ref-type="fig"}; [@B51]; [@B17]). The ATM and ATR kinases also phosphorylate the histone variant H2AV at DNA damage sites ([@B38]; [@B32]). To evaluate ATM/ATR activity, therefore, we used phospho-specific antibodies against phospho-H2AV (γ-H2AV), which detects repair foci at DNA damage sites after IR ([@B38]; [@B36]). Similar to control cells, both *Cdk1*- and *CycE-* knockdown cells had numerous γ-H2AV foci after IR ([Figure 7, B--D](#F7){ref-type="fig"}). These results indicated that the apoptosis pathway is repressed downstream of ATM/ATR in *Cdk1*- and *CycE*-knockdown cells. We next examined the more downstream steps of caspase cleavage. Labeling of irradiated follicle cells with antibodies specific for the cleaved form of the effector caspase DCP-1 indicated that *Cdk1*- and *CycE*-knockdown cells have ∼10-fold lower frequency of caspase cleavage than controls (∼1--2 vs. 12--14% in controls), a reduction similar to that for TUNEL labeling ([Figure 7, E--H](#F7){ref-type="fig"}; [@B57]; [@B15]). These results suggested that the apoptotic pathway is repressed downstream of ATM activation and at or upstream of DCP-1 cleavage in *Cdk1*- and *CycE-*knockdown cell cycles. These results are similar to that for developmental endocycling cells and iECs, which we previously showed have ATM activation but a very low frequency of cleaved caspase labeling after IR ([@B40]; [@B22]; [@B67]).

We next evaluated whether proapoptotic H99 gene transcription was induced ([Figure 7A](#F7){ref-type="fig"}). To assay this specifically in follicle cells, we used a reporter transgene that contains the promoter of the H99 gene *hid* fused to GFP (hereafter *hid-GFP*), which is regulated by p53 and reports the normal activation of the endogenous *hid* by radiation ([@B5]; [@B60]; [@B65]; [@B67]). We previously showed that this reporter and endogenous H99 genes are not activated by IR in developmental endocycling cells, but expression in iECs was not examined ([@B22]; [@B67]). Therefore we evaluated *hid-GFP* induction after IR in iECs and compared it to *Cdk1*- and *CycE*-knockdown cells. We created iECs by knockdown of *CycA* or overexpression of *Fzr* (*Cdh1)* and measured fluorescence of anti-GFP labeling in follicle cells of stage 3--6 *hid-GFP* egg chambers. Although IR increased expression of the *hid-GFP* reporter in control mitotic cycling follicle cells, *hid-GFP* was not significantly induced in either type of iEC ([Figure 8, A--D and G](#F8){ref-type="fig"}). These results suggest that in both iECs and developmental endocycling cells, the apoptosis pathway is repressed upstream of H99 gene expression. *hid-GFP* expression was also not significantly induced in *Cdk1*-knockdown cells ([Figure 8, E and G](#F8){ref-type="fig"}). In contrast, *CycE*-knockdown cells had a strong induction of *hid-GFP* fluorescence after IR that was comparable to that for control mitotic cycling follicle cells ([Figure 8, F and G](#F8){ref-type="fig"}). These results suggest that apoptosis is repressed upstream of H99 gene transcription in endocycling and *Cdk1*-knockdown cells but downstream of H99 gene transcription in *CycE*-knockdown cells. One interpretation of this result is that G1- arrested cells can induce *hid-GFP*, whereas G2-- to early M--arrested cells cannot. To further address this question, we examined *hid-GFP* expression in PFCs that are developmentally arrested in G2. Like *Cdk1*-knockdown cells, PFCs had much lower levels of *hid-GFP* expression than their mitotic cycling sister cells in the same egg chamber ([Figure 8, H and I](#F8){ref-type="fig"}). Taken together, the results suggest that different types of cell cycle modifications can repress the apoptotic response either upstream or downstream of proapoptotic H99 gene expression.

![Different cell cycle modifications repress apoptosis upstream or downstream of transcription of the proapoptotic gene *hid*. (A--F) The effect of cell cycle modification on *hid-GFP* expression. (A, B) Anti-GFP detection of *hid-GFP* expression (green) in control mitotic cycling follicle cells from unirradiated (A) or irradiated (B) females. Cells were double labeled for DAPI (red). (C--F) Anti-GFP detection of *hid-GFP* expression after IR in follicle cells after knockdown of *CycA^RNAi^* (C), Fzr overexpression (OE; D), *Cdk1^RNAi^* knockdown (E), or *CycE^RNAi^* knockdown (F). Cells were double labeled for DAPI (red). Scale bars, 20 μm. (G) Quantification of anti-GFP fluorescence of the *hid-GFP* reporter in S1--S6 follicle cells with different cell cycle modifications. For each genotype, RNAi or overexpression (OE) was either heat induced (induced) or not heat induced in sibling controls (uninduced) and were irradiated (+IR) or not irradiated (no IR). The relative *hid-GFP* fluorescence intensity on the *y*-axis is after background subtraction. Three biological replicates, 10 egg chambers/sample, \*\*\**p* \< 0.001 and *p* \> 0.05 (ns) by unpaired *t* test. (H--I) *hid-GFP* is not induced by IR in G2/M-arrested polar follicle cells. (H--H′′) A confocal section through the middle of a stage 6 egg chamber from a *hid-GFP* female 4 h after irradiation. Labeling for anti-FasIII (H) and anti-GFP (H′) and triple labeling with DAPI (H′′). Two posterior polar follicle cells are labeled with anti-FasIII, with the cell--cell contact between them appearing as a bright line. (H′′′) Higher magnification of the PFCs from H. FasIII, GFP, and DAPI fluorescence intensity was quantified along the line (ROI1). Scale bars, 20 μm. (I) Quantification of fluorescence intensity along the line in H′′′. The extent of the two PFCs is indicated by a bracket below the graph. (J) Model for repression of different steps of the apoptotic pathway by different cell cycle modifications.](1885fig8){#F8}

DISCUSSION
==========

We used the *Drosophila* ovary as a model system to investigate the coordination of cell cycles with the apoptotic response during development. We previously found that endocycling cells, both developmental and experimentally induced, do not apoptose in response to genotoxic stress ([@B40]; [@B22]; [@B67]). These observations, together with those from other systems, suggested an integration of cell cycle and apoptotic pathways. Our present results indicate that arrest during different cell cycle phases also represses the apoptotic response to DNA damage independent of differentiation or developmental signals. Moreover, our data suggest that the step(s) at which the apoptosis pathway is inhibited can depend on the type of cell cycle arrest. In a broader context, our findings are relevant to understanding how cell division and the DNA damage response are coordinated during development and the ability of IR to kill cancer cells.

For several cell types and experimental conditions, low CDK1 activity correlated with reduced apoptotic response. First, *Cdk1* RNAi arrested most cells during G2/early M phase and repressed apoptosis. This cell cycle arrest is likely the result of a partial *Cdk1* knockdown because *Cdk1*-null mutations are known to induce a switch to endocycles, as does RNAi knockdown of *CycA* ([@B23]). The different strengths of *CycA* and *Cdk1* knockdown is not surprising, given that CycA protein is degraded each cell cycle, whereas CDK1 protein is not ([@B26]; [@B46]; [@B66]; [@B62]). Our data suggest, therefore, that most cells with low levels of CDK1 enter into but do not complete mitosis, consistent with the known functions of CDK1, and that this arrest results in a compromised apoptotic response ([@B46]; [@B12]). Second, PFCs are developmentally arrested in G2 because CDK1 is not activated by CDC25 phosphatase and have a very weak apoptotic response to IR ([@B56]). Finally, both developmental and experimentally induced endocycles lack CDK1 activity and an apoptotic response. All of these observations pointed to a possible direct requirement for CDK1 in the apoptotic response. However, resupplying CDK1/Cyclin A to endocycling cells of the ovary and salivary gland did not restore apoptotic competence, even though it had a strong inhibitory effect on endocycles. Therefore the data suggest that CDK1 activity is not sufficient and that its requirement for apoptosis is likely indirect.

Our data suggest instead that arrest at different cell cycle phases significantly reduces the apoptotic response to DNA damage ([Figure 8J](#F8){ref-type="fig"}). The combined FUCCI and PH3 data indicated that *Cdk1* knockdown primarily arrested cells during G2-M phases, with the majority of these cells arrested during early prophase with partially condensed, PH3-labeled chromosomes. This *Cdk1* RNAi arrest reduced the frequency of apoptotic cells after IR by more than an order of magnitude. *Cyclin E* RNAi resulted in a tight cell cycle arrest at G1/S and also reduced the frequency of apoptosis by more than an order of magnitude. Moreover, the repression of apoptosis in PFCs temporally correlated with their G2/M arrest. During early stages of oogenesis, PFCs are proliferating, and a subset is culled out by developmentally induced apoptosis ([@B4]). The PFC cell cycle arrest is induced by Notch signaling, raising the possibility that it is the Notch pathway and not cell cycle arrest that represses apoptosis ([@B56]). Misexpression of Cdc25 phosphatase, however, bypasses this cell cycle arrest and results in apoptosis of PFCs, consistent with the interpretation that it is cell cycle status that determines apoptotic competence ([@B56]). The evidence suggests, therefore, that active mitotic cycling is required for a full apoptotic response to DNA damage.

There are both similarities and differences among endocycling and arrested cells in their apoptotic response to DNA damage. We showed previously that endocycling cells repress apoptosis upstream of H99 gene transcription ([@B40]). In endocycling salivary gland cells, this is effected through proteolysis of p53 and chromatin silencing of its proapoptotic target genes at the H99 locus ([@B67]). Here, using a reporter for one of those H99 genes, *hid*, we found that induced endocycling cells also repress apoptosis upstream of *hid* transcription ([Figure 8J](#F8){ref-type="fig"}). The G2/M-arrested PFCs and *Cdk1*-knockdown cells also did not significantly induce *hid* expression after IR, suggesting that an absence of p53-induced transcription of H99 genes also explains, at least in part, their weak apoptotic response. In contrast, although G1/S-arrested *CycE*-knockdown cells did not apoptose, *hid-GFP* was induced by IR in these cells. Thus it appears that different types of cell cycle modifications repress apoptosis in different ways. Apoptosis is repressed upstream of H99 transcription in endocycling and G2/M-arrested cells, whereas it is repressed downstream of H99 transcription in G1/S- arrested cells ([Figure 8J](#F8){ref-type="fig"}). Our data do not, however, eliminate the possibility that the apoptotic pathway is repressed at multiple steps in these cells. Indeed, this would not be surprising because cells in different developmental contexts are known to repress apoptosis using a variety of reinforcing mechanisms ([@B14]; [@B33]; [@B2]).

Our findings are relevant to previous studies that showed that specific cells in development have an altered apoptotic response to IR. In the *Drosophila* larval wing disk, a zone of nonproliferating cells (ZNC) arrest in either G1 or G2 of the cell cycle and are resistant to IR-induced apoptosis ([@B31]; [@B45]). In the larval eye disk, cells in the morphogenetic furrow transiently arrest their cell cycle in G1 and apoptose infrequently after IR ([@B44]; [@B14]). Developmental signals coordinate these cell cycle arrests and can also contribute directly to the repression of apoptosis ([@B11]; [@B31]; [@B43]; [@B2]). Our data indicate, however, that cell cycle arrest also can repress the apoptotic response independent of developmental signals. This result is consistent with previous observations from *Drosophila* and other organisms that proliferating cells tend to have a stronger apoptotic response to DNA damage than do nonproliferating cells---for example, mitotic and postmitotic neurons of the mouse brain ([@B27]; [@B20]). Thus developmental signaling pathways and cell cycle arrest both can contribute to a dampened apoptotic response to DNA damage during development.

An important unanswered question is how cell cycle and apoptotic pathways are integrated. A cell cycle arrest at either G1/S or G2/M repressed apoptosis, suggesting that active cycling or passage through S phase may be required for a robust apoptotic response. Arguing against this interpretation is the observation that endocycling cells are in an active G/S cycle, yet also do not apoptose after IR. The one obvious shared character among all these modified cell cycles is the absence of a complete mitosis. In a variety of organisms, passage through mitosis strongly potentiates the cell death response to DNA damage, a process known as "mitotic catastrophe" ([@B18]; [@B39]). Although it is clear that mitotic catastrophe is critical for effective killing of cancer cells by radiation and other therapies, the mechanisms by which mitosis potentiates apoptosis are still being defined ([@B61]; [@B39]). Although the absence of mitotic progression might contribute to a dampened apoptotic response of endocycling and arrested cells, our evidence that the apoptotic pathway is blocked at different steps during G1 and G2 phases suggests that the absence of mitosis is not the only reason that apoptosis is repressed. The genetic model organism *Drosophila* represents an opportunity to further define how cell cycle and apoptotic pathways are coordinated in the context of development.

MATERIALS AND METHODS
=====================

*Drosophila* genetics
---------------------

Crosses were at 25°C unless otherwise noted. Most of the strains were obtained from the Bloomington *Drosophila* Stock Center (Bloomington, IN). *UAS-CycA^RNAi^* was obtained from the Vienna *Drosophila* RNAi Center (Vienna, Austria), and *UAS-fzr-III* was provided by C. Lehner (University of Zurich; [@B70]). FUCCI strains were a generous gift from Bruce Edgar's lab (University of Heidelberg; [@B68]). The *hid-GFP* fly strain was provided by W. Du (University of Chicago; [@B60]). *hsp70-Gal4, hid-GFP* flies were crossed to different UAS strains to assess *hid* reporter activity during modified cell cycles. *UAS*-*FUCCI; hsp70-Gal4* strain and *UAS-CycA; UAS-Cdk1-Myc* strain were generated by genetic crosses. For all heat-inducible RNAi or overexpression experiments, larvae or adult flies were heat treated at 37°C for 30 min multiple times. *CycE* RNAi and *Fzr* overexpression was induced by heat pulsing twice per day for a total five heat pulses, and *Cdk1* RNAi and *CycA* RNAi were induced twice a day for a total of seven heat pulses. Overexpression of Cdk1 and CycA in salivary glands or follicle cells was induced by one heat pulse. *FLP-On* clones were created in *hsp70-FLPase/+; Actin \<CD2\>GAL4 UAS-RFP/UAS-Cdk1^RNAi^* (or *UAS-GFP^RNAi^*) females by one 45-min heat induction at 37°C, and the RFP clone size was analyzed in stage 8/9 egg chambers 4 d later ([@B52]).

RNA isolation and semiquantitative RT-PCR
-----------------------------------------

Total RNA was isolated from whole larvae using TRIzol (15596-026; Invitrogen, Waltham, MA). We reverse transcribed 1 mg of RNA from each sample using Superscript III First Strand (Invitrogen) according to the manufacturer's instructions. The same amount of cDNA from each sample was amplified by PCR using primers spanning introns of *Cdk1* or *CycE*, with primers to *Actin 5C* used as a control. The resulting products were analyzed by standard agarose gel electrophoresis.

Immunofluorescence microscopy and quantification
------------------------------------------------

Ovaries were fixed and labeled as previously described ([@B69]), using the following antibodies and concentrations: rabbit anti--phospho-histone H3 (PH3), 1:200 (Millipore, Billerica, MA); mouse anti--phospho-histone H3 (PH3), 1:100 (Cell Signaling, Danvers, MA); mouse anti--Cyclin A, 1:100 (Developmental Studies Hybridoma Bank \[DSHB\], University of Iowa, Iowa City, IA); mouse anti-Myc, 1:50 (DSHB); rabbit anti-GFP, 1:500 (Invitrogen); mouse anti-γH2Av (1:8000; a gift from J. Sekelsky \[University of North Carolina\] and S. Hawley \[Stowers Institute\]; [@B36]); rabbit anti-Dcp-1, 1:100 (Cell Signaling); and mouse anti-FasIII, 1:15 (DSHB). BrdU incorporation was for 1 h in vitro, and anti-BrdU labeling was as previously described ([@B9]). Micrographs were taken on a Leica DMRA2 wide-field microscope or a Leica SP5 confocal. For measurements of labeling frequencies, follicle cells were counted in multiple ovarioles over at least three biological replicates, and significance relative to parallel controls was calculated by an unpaired Student's *t* test. The intensity of *hid-GFP* fluorescence in [Figure 8](#F8){ref-type="fig"} was quantified in wide field using Openlab (ImproVision, Conventry, England) by measuring the mean pixel fluorescence intensity of randomly chosen egg chambers. These mean values were then background subtracted using pixels in the same image. The Leica SP5 quantification software package was used to quantify the fluorescence intensity of hid-GFP in PFC's in [Figure 8, H--H′′′](#F8){ref-type="fig"}.

γ-Irradiation
-------------

Flies were irradiated with a total of 40 Gy from a cesium source and labeled with anti--Dcp-1 (Cell Signaling), anti- γH2Av, or TUNEL (In Situ Cell Death Detection Kit, TMR red, version 11 (12 156 792 910; Roche, Basel, Switzerland) either 4 or 24 h after irradiation.
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ATM

:   ataxia telangiectasia mutated

ATR

:   ataxia telangiectasia and Rad3 related

BrdU

:   bromodeoxyuridine

CDK1

:   cyclin-dependent kinase 1

DIAP

:   *Drosophila* inhibitor of apoptosis

FUCCI

:   fluorescent ubiquitination-based cell cycle indicator

GFP

:   green fluorescent protein

iEC

:   induced endocycling cells

IR

:   irradiation

PCD

:   programmed cell death

PFC

:   polar follicle cell

PH3

:   phospho-histone H3

TUNEL

:   terminal deoxynucleotidyl transferase dUTP nick end labeling.
